1. The emerging field of fMRI with infants and toddlers {#sec0005}
=======================================================

Functional magnetic resonance imaging (fMRI) has become a widely utilized tool to characterize brain function across multiple fields of inquiry, including cognitive neuroscience, developmental and clinical psychology, and medical science ([@bib0080], [@bib0570], [@bib0635], [@bib0655], [@bib0660], [@bib1000]). This methodology has provided a means of non-invasively examining how brain systems efficiently process and organize information. The use of this tool during infancy and toddlerhood to characterize brain function is a more recent, yet quickly expanding application of fMRI. In the current report, we provide a critical review of the current state of the literature employing fMRI with infants and toddlers during natural sleep. We include the pros and cons of utilizing task-based fMRI, as well as the benefits and considerations of using resting state functional connectivity MRI (rs-fcMRI) to study early brain development. We argue that the research to date demonstrates the feasibility of conducting both forms of fMRI with infants and toddlers. The utility of these methods for increasing our understanding of early periods of brain development will be discussed.

We conclude our report by providing an example of an area of research in which task-based and rs-fcMRI in early development has potential to build on the existing literature and make a unique contribution. We focus on the study of early life stress (ELS) and its influence on mental health outcomes across the lifespan. We argue that the research to date employing task-based fMRI and rs-fcMRI with infants and toddlers indicates the potential for these methods to build on the existing, rich body of human and animal literature in this area by providing insight into the influence of ELS on early developing functional brain systems. We highlight several specific ways in which infant fMRI can build on existing work in this area and make unique contributions.

1.1. A brief history of and introduction to infant fMRI {#sec0010}
-------------------------------------------------------

The use of fMRI methods with infants and toddlers in research settings is a relatively recent phenomenon. While the earliest studies in the field were conducted over a decade ago ([@bib0035], [@bib0195]), only recently has infant functional imaging begun to show marked growth across institutions. The reasons for this delay relative to the use of fMRI in other special populations are several. Collecting high quality MR images typically requires a participant to remain still throughout one or more scans, lasting 4--8 min on average. In childhood (including children as young as 4 years-of-age \[[@bib0350], [@bib0985]\]) and beyond, this is accomplished by providing instructions, practice and incentives. For infants, this is not an option. Early on this barrier was overcome with the use of sedation ([@bib0910], [@bib1055]), which relegated scanning to clinical settings, and likely produced blunted functional responses ([@bib0745]). Several researchers then pioneered the technique of conducting fMRI scans with infants during natural sleep ([@bib0035], [@bib0195], [@bib0775]). The success of studies utilizing the natural sleep method has led to increasing utilization of fMRI with infants in research contexts, resulting in over twenty currently published studies ([Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}). Despite this success, many important methodological issues require careful consideration, including the effects of sleep on brain signaling, and are discussed in Section [1.5](#sec0030){ref-type="sec"}.Table 1Review of functional activation studies with infants and toddlers during natural sleep.ArticlePopulationNo of analysesNo of excludedStimuliMotionAtlasStatistical thresholdMain findings[@bib0035]Healthy term and preterm infants (*M* = 21 days), adult males (*M* = 34 yrs)9 Term, 5 Preterm, 4 Adults6 infants for motion or not enough imagesTone 60--80 dB (gradually increased and decreased to prevent startle)Frame removal: images with \>2 mm or 3 degrees; Scans excluded: \<50% of images retained or SD \>1 for translation or rotationNA% Signal change(1) BOLD signal decrease to auditory for 9 and increase for 5 infants; (2) Signal change in B superior temporal regions[@bib0090]Healthy infants (*M* = 159 days)2124 sleep difficultiesNonvocal (environmental); Nonspeech vocalizations (Neutral, Happy, Sad)Rigid body transform based on spin-history correctionInfant DL and transformed to Tal*p* \< 0.005 uncorrected, cluster size ≥3 voxels(1) Age + associated with L STG activity to Neutral \> Nonvoice; (2) L Insula and gyrus rectus activity for Sad \> Neutral[@bib0195]Healthy infants (*M* = 79 days)20 (6 awake, 5 asleep, 9 both)6 fussiness; 5 artifact or problems with experimentForward speech (children\'s stories); Backward speech (reversed forward)Frame removal: visual examinationInfant DL and transformed to MNIVoxel *p* \< 0.01, cluster *p* \< 0.05 corrected for multiple comparisons(1) All sounds \> rest: L STG; (2) Forward \> Backward: L angular gyrus and mesial parietal lobe; (3) Forward \> Backward for Awake \> Asleep: R PFC[@bib0200]Healthy infants (*M* = 72 days)7 (1 awake, 2 asleep, 4 both)6 fussiness; 11 no activation to sound \> restClassical music; Mother\'s speech; Stranger\'s speech; For all-Repeated and VariedFrame removal: visual examination; Adjusted analysis to limit influence of large deviation in signal (≥2.5 SD)Infant DLRandom-effects: voxel *p* \< 0.01, cluster *p* \< 0.05 corrected; Fixed-effects: voxel *p* \< 0.001, cluster *p* \< 0.05 corrected(1) Repetition Suppression Effect: L STG; (2) Laterality effect speech \> music in L planum temporale for music \> speech in R planum temporale; (3) Mother \> stranger in B anterior PFC, L posterior temporal and rest \> mother in R amygdala, R insula, R STS, R occipital sulcus[@bib0235]Typically developing (TD) children (12--48 mo, *M* = 32.0 mo); Children with current or subsequently confirmed ASD diagnosis (12--48 mo, *M* = 25.6 mo)80 (40 TD, 40 ASD)10 TD and 12 ASD waking before 2/3 scan complete; 5 ASD not confirmed; 4 various reasonsSimple forward speech; complex forward speech; backward speech ([@bib0770])AFNI software for motion correction; Subject removal: visually apparent residual motion on \>1/3 of images (none excluded); Covary for residual motion in analysesTal*p* \< .05 Monte Carlo correction for multiple comparisons (*t* \> 2.86 for within group; *t* \> 2.42 for a one-tailed between-group, at least 32 voxels)(1) Each type of speech stimuli \> rest, TD \> ASD: L STG; (2) In ASD group, L STG activation to simple forward \> rest is negatively correlated with age; (3) In TD group, left laterality to forward speech in STG; (4) In ASD group, right laterality to forward speech in anterior STG[@bib0400]Healthy infants from families reporting a range of interparental conflict (*M* = 8.33 mo)2015 for motion or sleep difficulties; 4 no activation to sound \> restNonsense speech with varying prosody (Very Angry, Angry, Happy and Neutral)Frame removal: visual examination; Maximum motion remaining = 1.07 mmInfant 8--11 MRI NBDVoxel *p* \< 0.05, cluster *p* \< 0.05 corrected for multiple comparisons(1) Higher conflict associated with very angry \> neutral in rostral anterior cingulate cortex, hypothalamus, thalamus and caudate; (2) Emotion controlling for conflict: Very Angry \> Neutral: L temporal Pole; Angry \> Neutral: None; Happy \> Neutral: lingual gyrus, fusiform, parahippocampal gyrus, putamen, midcingulate, SMA, SFG, MFG[@bib0765]Children with provisional ASD (*M* = 34.9 mo), age- (CA; *M* = 35.7 mo), and mental age (MA; *M* = 19.6 mo) controls13 ASD, 12 CA, 11 MA8 sleep difficulties; 1 motion; 2 did not meet criteria for ASDSimple forward speech; complex forward speech; backward speechFrame removal: Images with sum of root mean square of parameters \>0.4Tal*p* \< .01, corrected at 960 mm^3^; Trend level *p* \< .05, corrected at 384 mm^3^(1) Forward \> rest, both MA \> ASD and CA \> ASD: frontal, temporal, parietal, occipital regions and cerebellum; (2) Forward \> rest for ASD \> CA: right hemisphere activation; (3) Receptive language + correlated with R frontal and temporal region activation in ASD group[@bib0775]Healthy children (*M* = 45.8 mo)19 (12 with visual, 13 with auditory)Auditory: 2 for motion and 6 for waking; Visual: 9 for wakingVocal (nonspeech); Nonvocal (environmental); Tones; Flashing lightsFrame removal: Images with sum of root mean square of parameters \>0.4; Scans excluded: \>10% of images lostTal*p* \< .005, cluster corrected at 740 mm^3^(1) Nonvocal \> vocal: frontal, temporal (R STG), occipital (B lingual gyrus) and cerebellum; (2) Tones \> Vocal: frontal, temporal (R STG), and parietal and cerebellum; (3) Rest \< visual: B cuneus, B lingual gyrus, L superior occipital gyrus[@bib0770]Healthy toddlers (*M* = 21 mo) and 3-yo\'s (*M* = 39 mo)10 toddlers; 10 3-yo\'s5 sleep difficulties; 1 experimenter error; 2 did not attendSimple forward speech; complex forward speech; backward speechSummed distance of translational and rotational parameters \>0.3TalVoxel *p* \< .01, cluster *p* \< .05 (cluster volume = 960 mm^3^); Relaxed for certain contrasts to voxel *p* \< .05(1) Forward \> rest for 3-yo\'s \> toddler: B STG, frontal, parietal and occipital regions; (2) Forward \> rest for toddler \> 3-yo\'s: Frontal, parietal, occipital and subcortical regions (no temporal regions)[^1]Table 2Review of resting state functional connectivity studies with infants and toddlers during natural sleep.ArticlePopulationNo of analysesNo of excludedAnalysis typeMotionAtlasStatistical thresholdFindings[@bib0015]Healthy singleton and twin (only one twin per pair) neonates (*M* = 33 days), 1-yo\'s (*M* = 397 days), 2-yo\'s (*M* = 762 days); Longitudinal ≥2 time points112 neonates, 129 1-yo\'s, 92 2-yo\'sNo information provided, data identified from previous studiesInsula segmentation based on adult atlas; *K* means clustering with correlation matrix of insula voxels; Whole brain seed-based correlation with insula clusters; ROIs based on 2 yo\'s whole brain connectivity map; Graph theory metricsFrame removal: DVARs \<.5% signal change and FD \<.5 mmIndividual Infant and then MNIFor cluster confirmation: validity indicator and cluster consensus measures, bootstrapping method (% of consistent cluster membership for each voxel based on 1000 samplings); *p* \< .05, FDR corrected for tests with connectivity maps(1) Two clusters for all ages with high consistency of voxel assignment to anterior or posterior based on bootstrapping (range of consistency = 74--95% for all insula voxels and each age group); (2) Dissociable whole brain connectivity for clusters across ages: AI connectivity with ACC, medial temporal lobe, thalamus, orbitofrontal cortex, dlPFC; PI connectivity with superior temporal sulcus, middle cingulate, motor and somatosensory cortices; (3) Change with age: AI = decreased local and increased long range; PI = increases and decreases for local and long range; greatest change 0--1 yo for mean connectivity strength and graph theory metrics[@bib1070]See [@bib0015]See [@bib0015]See [@bib0015]Adult ROIs ([@bib0895]) to identify 9 cortical networks; Non-overlapping network masks based on "winner-takes-all"; Thalamus ROI from Harvard-Oxford atlas; Thalamus subdivided by partial correlations of voxels with network masks and "winner-takes-all"; Longitudinal analysis with mixed-effect regression modelsFrame removal: DVARs \<.5% signal change and FD \<.5 mm; Remaining FD as covariate; Subject removal: ≤90 frames remainingIndividual Infant and then MNI*p* \< .05 FDR for whole brain seed-based connectivity maps; *r* ≥ .1 to create masks of cortical networks(1) In neonates, sensorimotor network connectivity to large central thalamic cluster and salience networks to anterior thalamus; (2) In 1-yo\'s, medial-visual network connectivity to posterior lateral thalamus and default to central posterior thalamus; (3) 2-yo\'s show similar thalamic parcellations to 1-yo\'s; (4) 1-yo\'s thalamus-salience connectivity predicted visual-spatial working memory and Mullen Early Learning Composite Score at 2 yrs[@bib0210]Toddlers with autism (*M* = 29 mo), language delay (LD; *M* = 19 mo), and typically developing (*M* = 28 mo)29 with autism, 13 with LD, 30 typicalNo information provided, data from previous studiesRegressed out stimuli; Anatomically defined ROIs; Whole brain seed-based correlationsFrame removal: criteria not specifiedTal*r* \> .3 for whole brain seed correlations; Two-tailed *t*-test *p* \< .05 for group differences(1) Weaker interhemispheric connectivity for IFG and STG in autism; (2) Autism classification based on connectivity: 21/29 correctly and 7/43 incorrectly identified; (3) IFG connectivity +associated with expressive language and − associated with autism severity[@bib0345]Healthy infants delivered by cesarean (*M* = 40 wks GA)192 for motionProbabilistic approach to ICA (PICA)Frame removal: criteria not specified; Scans excluded: criteria not specifiedInfant DL*p* \< .05 (activation versus null across whole brain and time series)(1) 6 networks identified (% variance explained): medial occipital (1.63%), B sensorimotor (3.18%), B temporal (0.70%), parietal (4.78%), anterior PFC (1.60%), B basal ganglia (0.1%); (2) PCC/precuneus to bilateral parietal connectivity observed[@bib1075]Healthy infants from [@bib0345]; Healthy adults (*M* = 29 yrs)18 Infants, 18 AdultsSee [@bib0345]Voxel-based graph theoretical analysis; Whole brain seed-based correlations of hub regionsFor infants see [@bib0345]Neonatal ([@bib0505])Peak Z-values \>15 mm apart for hubs; *p* \< .0005 for seed-based connectivity; Networks at 0.20 \< *r* \< 0.40, iteratively(1) Infants: hubs and networks in sensory and motor cortices except for DLPFC, insula and parietal lobule; (2) Adults: hubs and networks in heteromodal cortex especially in default and frontoparietal attention networks; (3) Small-world network organization in infants[@bib0340]\*Healthy infants from [@bib0345]; Healthy adults (*M* = 29 yrs)18 Infants, 17 adultsSee [@bib0345]Spherical ROIs based on adult and infant atlas coordinates; Power analysisFor infants see [@bib0345]Neonatal ([@bib0505])NA(1) Infants \> adults for average power-law exponent; (2) For adults power-law exponents higher in associative networks and for infants higher in primary sensory networks[@bib0380]Healthy neonates (*M* = 24 days), 1-yo\'s (*M* = 13 mo), 2-yo\'s (*M* = 25 mo) and adults (*M* = 30 yrs)20 neonates, 24 1-yo\'s, 27 2-yo\'s, 15 adults22 for motion or medical problem (e.g. preterm birth)ICA; graph theoryFrame removal: Criteria not specified, but based on screening unpreprocessed images for abrupt BOLD signal changesIndividual Infant and then MNIFor default network definition: *z* \> 1 to determine voxel-wise connectivity; For correlation matrices *p* \< .05 FDR corrected(1) \# default regions identified: Neonates 6; 1 yo\'s 10, 2 yo\'s 13; (2) MPFC and PCC identified in all groups with volume of cluster -- associated with age; (3) Nonlinear development of default network; (4) PCC as default network hub in neonates[@bib0370]Healthy neonates (*M* = 23 days), 1-yo\'s (*M* = 13 mo), and 2-yo\'s (*M* = 24 mo)51 neonates, 50 1-yo\'s, 46 2-yo\'s51 for motion or medical problem (e.g. preterm birth)ROIs from adult atlas based on sulcal patterns; graphy theoryFrame removal: Screening unpreprocessed images for abrupt BOLD signal changes (criteria not specified)Individual Infant and then MNIWhole brain analysis: *p* \< .05 FDR; Regional analysis: *p* \< .05 uncorrected(1) Connection density increases from neonate to 1 yo, but stable from 1yo\'s to 2 yo\'s; (2) Strength of connectivity for anatomically distant nodes increases with age; (3) Increase in small-worldness with age; (4) B insula consistent hub across age groups[@bib0375]See [@bib0370]See [@bib0370]See [@bib0370]Adult ROIs based on [@bib0310]; Whole brain seed-based correlations; Additional ROIs based on 1yo connectivity map; nonparametric rank-sum test for age differencesFrame removal: Criteria not specified, but based on screening unpreprocessed images for abrupt BOLD signal changesIndividual Infant and then MNI*p* \< .05 FDR, cluster size \>10 voxels(1) Default (PCC seed) and dorsal attention networks (IPS seed) show adult-like topology in 1yo\'s (with exception of frontal eye fields in dorsal attention); (2) Greater change from 0 to 1yo and less from 1yo to 2yo for both networks; (3) Increasing connection strength within each network, and increasing segregation between networks over time (less overlap and negative correlations seen in 1 yo\'s and 2 yo\'s)[@bib0360]See [@bib0015]See [@bib0015]See [@bib0015]ICA; Spatial correlation to match components to 9 adult networks; voxel-wise "winner-takes-all" to define functional regions based on ICA; Growth models of mean inter-regional connectivity, network connectivity and inter-regional connectivity between 2 networksFrame removal: DVARs \<.5% signal change and FD \<.5 mm, and examined results with thresholds of \<.3% and \<.2 mm; Remaining FD as covariateIndividual Infant and then UNC Infant*p* \< .05 FDR for connectivity(1) Adult-like topology in neonates for medial visual and sensorimotor networks; (2) Adult-like topology for all networks in 1 yos (medial visual, sensorimotor, occipital pole, lateral visual, default, auditory/language, salience, frontoparietal) with ≥.40 spatial correlation between 1 yo component and adult network; (3) Network structure in 2 yo\'s consistent with 1 yo\'s; (4) Significant non-linear growth of inter-regional connectivity for all networks with greater change from 0 to 1 yo\'s (except medial visual, sensorimotor, occipital pole); (5) Inter-network connectivity decreased over time; (6) Greater growth in frontoparietal connectivity from 0 to 2 yo\'s for boys vs girls[@bib0355]Healthy infants scanned longitudinally (\<1-mo, 3-mo, 6-mo, 9-mo, 12-mo); Healthy adults (27--40 yrs)65 infants (45 \<1-mo, 34 3-mo, 33 6-mo, 29 9-mo, 35 12-mo); 19 adultsRetrospectively identified from larger longitudinal sampleAdult ROIs ([@bib0895]); Whole brain seed-based correlations; *t*-tests to compare networks; network matching score = mean connectivity within adult network mask -- mean conn outside mask; longitudinal modeling of network matching scoreFrame removal: DVARs \<.5% signal change and FD \<.5 mm; Subject removal for \>1/3 volumes removed; Remaining FD and volumes removed as covariatesIndividual Infant and then MNI*p* \< .05 FDR(1) Network specific growth periods: most pronounced changes in V1, V2, default, salience and frontoparietal in 1 st 3 months; (2) Over 12 months, significant log-linear growth in network matching score (except sensorimotor and auditory networks) with fastest growth in following order: visual, default, salience, frontoparietal; (3) Sensorimotor and auditory show significant decreases in outside network connectivity; (4) Higher SES (income and maternal education) associated with greater sensorimotor (higher matching score and within network conn) and default (lower outside network conn) development at 6 months. SES results did not survive correction for multiple comparisons[@bib0365]Healthy singleton neonates (*M* = 22 days), 1-yo\'s (*M* = 378 days), 2-yo\'s (*M* = 741 days); Healthy monozygotic (MZ) twin neonates (*M* = 46 days), 1-yo\'s (*M* = 410 days), 2-yo\'s (*M* = 766 days); Healthy dyzgotic (DZ) twin neonates (*M* = 36 days), 1-yo\'s (*M* = 402 days), 2-yo\'s (*M* = 779 days)Singletons: 36 neonates, 46 1-yo\'s, 26 2-yo\'s; MZ pairs: 31 neonates, 18 1-yo\'s, 18 2-yo\'s; DZ pairs: 40 neonates, 25 1-yo\'s, 19 2-yo\'sIdentified from larger longitudinal sample ([@bib0015])Whole brain voxel-wise connectivity maps; Variability map = one minus correlation between corresponding columns of correlation matrix for twin pairs and age matched singleton pairs; Network variability maps based on masks from [@bib0895]; Percentage of shared genes (0%, 50%, 100%) and environment (0, 1, 1) as predictors of similarity between twin and singleton pairs (voxel-wise regression)Frame removal: DVARs \<.3% signal change and FD \<.2 mm; Remaining FD as covariate; Subject removal: \<75 frames remainingIndividual Infant and then MNI*p* \< .005, 13 voxels, based on 3dClustSim in AFNI(1) At all ages, greater intersubject variability in association areas vs primary functional areas (similar to adults); (2) Increasing similarity to adult spatial variability pattern with age; (3) U shaped growth in intersubject variability from 0 to 2 yrs; (4) Greater intersubject variability associated with more long range connectivity (similar to adults); (5) Higher percentage shared genes predicts lower intersubject variability; (6) Genetic effects on connectivity vary by brain region and by age; (7) Genetic effects grow stronger from 0 to 1 yr and weaker from 1 to 2 yrs; (8) Weaker effects of shared environment in contrast to genetic effects[@bib0590]Healthy neonates (Range = 2--4 wks), 1-yo\'s, and 2-yo\'s16 neonates, 12 1-yo\'s, 7 2-yo\'s18 for motion; 14 premature birth, medical problems, or parent disorderManually drawn ROIS; whole brain seed-based correlationsFrame removal: Criteria not specified, but based on screening unpreprocessed images for abrupt BOLD signal changesIndividual infant*z* \< 1; *p* \< .05 corrected for *t*-test comparison of the 2 ROIs and for ANOVA of the 3 groups(1) Difference between maximum and minimum signal intensity: 2-yo\'s \> neonates; (2) Average strength of connectivity and brain volume evidencing connections to visual and sensorimotor regions increases with age[@bib0595]Healthy infants (*M* = 12.8 mo)11From larger structural MRI study with 63% scan successPICA; Bold time series and power spectra computed for each componentFrame removal: Images with \>1 mm or \>1 degree of motionInfant DLNA(1) 16--36 spatially independent components for each subject with 3 in sensorimotor area; (2) More intra- versus interhemispheric connectivity[@bib0900]Preterm infants \<30 wks (Range = 36--44 wks PMA for scan); Healthy term infantsPreterm: 10 low and 10 high stress; 10 termSignificant cerebral injury (N not reported)Whole brain seed-based correlations (ROIs not specified); Group maps compared qualitativelyFrame removal: criteria not specifiedNot reportedQualitative comparisons for rs-fcMRI maps(1) Interhemispheric correlations with R temporal lobe in low stress and term infants, but not high stress infants; (2) Total brain injury + associated with stress; (3) R temporal lobe anisotropy -- correlated with stress[@bib0905]Preterm infants scanned longitudinally; Term infants (Range = 2--3 days)28 preterm with longitudinal data, 10 term8 for prominent neuropathology; 10 for motionSpherical ROIs based on adult atlas coordinates; Whole brain seed-based correlationsFrame removal: Software used to identify frames with motion based on signal change; Scans excluded: \<4 minIndividual Infant and then TalFor *t*-tests of correlation maps z \> 1.65, *p* \< .05; Correlations between connectivity and age *p* \< .05(1) Increasing interhemispheric connectivity with age; (2) Term infants \> term age preterm infants: local, long range and interhemispheric connectivity; (3) Connectivity between MPFC and PCC in half of term control infants, but not in preterm infants[@bib1090]Preterm infants \<30 wks with moderate to severe white matter injury (WMI; Range = 36--39 wks PMA for scan); Preterm infants \<30 wks with mild white matter injury (PT; Range = 36--40 wks PMA for scan); Healthy term infants (HT; Range = 37--41 wks PMA for scan)14 WMI; 25 PT; 25 HT10 from WMI group for not meeting data quality standardsROIs based on [@bib0110] and manually adjusted for anatomic variation due to injury; Correlations and covariances between ROI pairs (homotopic counterparts, PCC to MPFC); *t*-tests to compare correlationsFrame removal: DVARs \<.3% signal change and FD \<.25 mm; Subject removal: \<100 frames remainingIndividual Infant and then TalBonferroni multiple comparison correction for *t*-tests and rank-sum tests(1) WMI group \< both control groups for connectivity between homotopic regions (motor cortex, visual cortex, medial cerebellum) and between motor cortex and thalamus; (2) WMI group \< HT only for connectivity between other homotopic regions (thalamus, auditory cortex) and PCC to MPFC (but PCC-MPFC did not survive Bonferroni); (3) For WMI group, reduced connectivity more pronounced in injured hemisphere; (4) In motor cortex and thalamus (regions usually close to injury), greater injury severity associated with reduced connectivity[^2]

The two forms of functional MRI employed in infant studies are task-based fMRI and rs-fcMRI. While both methods are based on the Blood Oxygen Level Dependent (BOLD) signal ([@bib0305], [@bib0620], [@bib0760]), they allow for examining two critical aspects of healthy brain functioning. Task-based fMRI facilitates examination of the brain\'s response to specific aspects of the environment, including cues known to be important for infant development. These include tactile stimulation, and smells or sounds associated with caregivers. Rs-fcMRI provides information about how the brain is intrinsically functionally organized. It is this organization, which likely allows for proper stimulus response, as well as complex mental processes necessary for cognitive, emotional and social functioning ([@bib0750]). Both of these methods rely on the capacity of fMRI to index brain functioning in specific cortical and subcortical regions throughout the brain. In Section [1.4](#sec0025){ref-type="sec"}, we will highlight the unique advantages of fMRI in the context of other functional neuroimaging techniques employed in developmental research.

1.2. Task-based fMRI with infants and toddlers {#sec0015}
----------------------------------------------

Implementing task-based fMRI with infants is unquestionably challenging. It requires infants to sleep through the excessive noise of the MRI during data acquisition, as well as the sensory stimulation of the paradigm. Despite these challenges, nine studies successfully using this methodology with participants ranging from seven days postnatal ([@bib0035]) to four years-of-age ([@bib0775]) have now been reported ([Table 1](#tbl0005){ref-type="table"}). The sample sizes and findings reported in these studies ([Table 1](#tbl0005){ref-type="table"}) indicate the feasibility of using this methodology with infants and toddlers to collect adequate amounts of data to address study aims.

Beyond the feasibility of data collection, another important issue is whether sleeping infants process stimuli presented during task-based paradigms, and whether they do so in a manner captured by BOLD fMRI. Auditory stimuli are most commonly used in infant fMRI research. Positive BOLD response in sleeping infants and toddlers has been observed in auditory processing brain regions (auditory cortex and auditory processing regions of the middle temporal gyri) in response to tones, nonvocal naturalistic sounds, vocal sounds and speech ([@bib0090], [@bib0195], [@bib0400], [@bib0775]). However, it appears that this response may be decreased from baseline in very young infants during presentation of non-naturalistic stimuli (a tone; [@bib0035]). (See Section [1.5.6](#sec0090){ref-type="sec"} for further discussion about employing the BOLD signal as an index of neural activity beginning in infancy.) In addition to basic sensory processing of auditory stimuli, research to date provides evidence for differentiation between distinct types of auditory stimuli during natural sleep. Redcay and colleagues reported distinct patterns of brain activation in sleeping toddlers (two to four years-old) during presentations of tones versus nonvocal naturalistic sounds or vocal sounds ([@bib0775]). By establishing the capacity to characterize neural processing of stimuli at a basic sensory level, this work provides a foundation for using natural sleep fMRI to examine additional aspects of stimulus processing.

Several studies have demonstrated the utility of natural sleep fMRI for examining early language and emotion processing. Patterns of brain activation in sleeping infants indicate registration of speech and vocal properties. For example, [@bib0195] observed greater activation in the left angular gyrus and precuneus in response to forward versus backward speech in sleeping two to three month-old infants. In adults, these regions have been associated with differentiating between words and non-words ([@bib0075]) and with memory retrieval of verbal information ([@bib0540], [@bib0715]) respectively. These results were replicated in a study of two year-old children during natural sleep, which further identified developmental changes in speech processing from two to three years-of-age ([@bib0770]). In comparison to two year-olds, three year-olds demonstrate greater engagement of brain regions in line with speech processing in adults, such as the superior temporal gyrus, in response to forward versus backward speech ([@bib0770]). Recent findings also indicate differential brain processing of vocal non-speech sounds (e.g. crying or laughing) based on emotion category for three to seven month-old infants during natural sleep. Specifically, during sad versus neutral vocalizations, infants demonstrate greater activation in the insula and part of the orbitofrontal cortex ([@bib0090]). These studies indicate the capacity for natural sleep fMRI to lead to increased understanding of how the brain processes language and emotion beginning in infancy.

An important consideration for fMRI with sleeping infants was raised by [@bib0200] in their examination of BOLD responses to sensory stimuli on an individual subject level. The authors reported that less than half of sleeping two-month-old infants in their sample demonstrated activation in auditory brain regions when contrasting stimulus presentation to no sound (at a statistical threshold of alpha less than .05 uncorrected for multiple comparisons). They suggest that developmental characteristics of the BOLD signal at this early age (discussed in Section [1.5.6](#sec0090){ref-type="sec"}) may account for the lack of observed activation in auditory regions for some infants. However, there are multiple factors that may influence whether or not a BOLD response is captured during acquisition. These factors might include sleep state, developmental stage, scanner noise and statistical power (these issues will be discussed in more detail in Section [1.5](#sec0030){ref-type="sec"}). Thus, it seems appropriate to consider this larger context when interpreting the presence or absence of activation within an individual subject. Including or excluding a subject based on the presence or absence of activity can only be considered in this context, and should be explained and justified.

1.3. Resting state functional connectivity MRI with infants and toddlers {#sec0020}
------------------------------------------------------------------------

In contrast to task-based fMRI, rs-fcMRI allows for examination of intrinsic correlated brain activity in the absence of a specific task or external stimulus. Rs-fcMRI typically involves examining changes in brain signal over the course of a scan lasting between 5 and 10 min, or more. During the scan, older children and adult participants rest with eyes open or closed, while infants or toddler participants are asleep. Rs-fcMRI focuses on correlating fluctuations in the brain signal between a region and all other voxels in the brain, or between specific brain regions ([@bib0085]). Low frequency changes in brain signal observed in the absence of stimuli presentation likely reflect endogenous neural activity ([@bib0705], [@bib0840], [@bib0865]). Correlations between spontaneous brain activity over time are posited to represent connectivity between brain regions. Recent findings provide support for this conceptualization, with patterns of functional connectivity frequently in line with direct or indirect structural connectivity between brain regions ([@bib0185], [@bib0415], [@bib0465], [@bib0690], [@bib0865]).

Rs-fcMRI data can be characterized at three levels of analysis ([@bib0150]). At the first level of analysis (circuit level), connections between brain regions are defined by the strength of the correlation between their signals. The second level of analysis (network level) characterizes functional brain networks as a whole instead of as individual connections within the system. Examples of functional brain networks that have been characterized with rs-fcMRI include the default network, a group of brain regions that demonstrate higher levels of activity in the absence of specific external tasks ([@bib0410], [@bib0755]), and networks underlying specific aspects of cognitive control, such as the fronto-parietal and cingulo-opercular networks ([@bib0220], [@bib0215]). The third level of analysis (global topology) focuses on interactions within and between functional networks ([@bib0790]). All three of these levels of analysis provide information about the functional organization of the brain that have been shown to be relevant to mental health and specific aspects of cognitive and emotional functioning ([@bib0265], [@bib0260], [@bib0740], [@bib0920]).

For developmental research, rs-fcMRI has the distinct advantage of documenting coordinated brain functioning across the whole brain in the absence of tasks, which are challenging to adjust appropriately for a wide age range ([@bib0135], [@bib1000]). Moreover, research with adults has indicated that while a particular paradigm employed in task-based fMRI may only activate a subset of regions involved in a broad domain of functioning, such as memory, rs-fcMRI can yield a more complete representation of the network of brain regions involved ([@bib0305], [@bib1030]). This is particularly relevant for infant fMRI. Because scans are conducted during natural sleep, there are even more limitations on the types of stimuli and tasks that can be used in the scanner, decreasing the chances of activating the full set of regions involved in a behavioral domain of interest.

Investigations using rs-fcMRI have indicated the utility of this methodology for studying the functional development of brain networks across a wide age range ([@bib0255], [@bib0245], [@bib0250], [@bib0405], [@bib0935], [@bib0940]). For example, several reports have documented a pattern of developmental changes in the functional connectivity of brain networks from childhood to adulthood that is characterized by increasing long-range connectivity (between anatomically distant regions) and decreasing short-range (or localized) connectivity ([@bib0255], [@bib0245], [@bib0250], [@bib0510], [@bib0935]). A similar pattern has been observed across the first two years-of-life ([@bib0380], [@bib0370], [@bib0375], [@bib0360]). Changes across this earlier age range occur at an extremely rapid rate, such that from two-weeks to one year-of-age, the number of regions overlapping with the adult default network that evidence significant functional connectivity during natural sleep increases from six to thirteen ([@bib0380]). Development does not appear to be linear, with many measures (including the number of connections showing statistically significant changes in strength) indicating less change across the second year-of-life in comparison to the first ([@bib0370], [@bib0375], [@bib0355], [@bib0360], [@bib0365]; [Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Functional connectivity maps for the default and dorsal attention networks in (a) neonates, (b) 1 year-olds, (c) and 2 year-olds. Right column shows composite maps of default and dorsal attention networks (green = default, yellow = dorsal attention, overlap = red). Color bar indicates correlation values ([@bib0375]).

Both environmental input and normative changes within the developing brain, such as myelination, are posited to account for the observed changes in connectivity during development ([@bib0250]) with different processes likely at work depending on the age range of interest ([@bib0370]). These changes are described as reflecting increasing connectivity among regions within a network (integration) and increasing segregation between regions in distinct networks (segregation; [@bib0255], [@bib0250], [@bib0375]). This demonstration of the development of large scale, dissociable functional networks has led to increased understanding of how information is efficiently processed and integrated to support a range of complex behaviors ([@bib0735]).

Recent work has drawn attention to the effects of subject "micro-movements" on developmental rs-fcMRI results ([@bib0260], [@bib0730], [@bib0835], [@bib0830], [@bib1015]). This issue and the proposed solutions will be discussed in more detail in the next section. However, it should be noted that this work focuses on the biasing effects of motion in research spanning childhood to adulthood, during which time motion decreases systematically with age. The potential for confounding motion effects and developmental changes in studies of sleeping infants and toddlers will likely be different, as movement during scanning is not expected to track with age in the same manner during this time frame. Specifically, while an awake middle-aged adult is expected to have greater self-control and therefore move less than a child during scanning, there is no reason to expect that a sleeping two-year-old will move less than a sleeping one-year-old during scanning (indeed the opposite may be true; [@bib0365]).

In addition to capturing developmental changes in the functional organization of the brain, rs-fcMRI with infants allows for examination of functional brain networks that support higher order cognitive and emotional processes, which cannot be reliably assessed at a behavioral level during infancy. For example, although the functional significance of the default network is not definitively known, variability in default network connectivity has repeatedly been associated with higher order cognitive skills (including executive functioning \[EF\]) and related mental health disorders in children and adults (e.g. Attention Deficit Hyperactivity Disorder; [@bib0140], [@bib0265], [@bib0260], [@bib0515]). In addition to the default network, rs-fcMRI with infants has been used to characterize the early development of the dorsal attention network ([@bib0375]; [Fig. 1](#fig0005){ref-type="fig"}), which underlies goal driven selective and sustained attention in adults ([@bib0165]), as well as the salience and frontoparietal networks ([@bib0360]). Advances in behavioral assessment have allowed for reliable measurement of higher order cognitive skills beginning at two years-of-age ([@bib0065]). However, rs-fcMRI makes it possible to examine the development of relevant functional brain networks beginning at birth, prior to the emergence of complex behaviors, potentially allowing for earlier identification of individual differences that may confer risk or resiliency.

1.4. fMRI in the context of other developmental neuroimaging methods {#sec0025}
--------------------------------------------------------------------

The primary methods used to date to study brain functioning in infants are functional near infrared spectroscopy (fNIRS) and electroencephalography (EEG). These methods have been widely utilized such that even the more recent of these techniques, fNIRS, has now been used to examine infant brain functioning in nearly 100 studies ([@bib0610]). The specific advantages and disadvantages of fMRI are complementary to these other methods. For example, EEG and fNIRS have superior temporal resolution in comparison to fMRI and can be conducted in settings of reduced noise (in contrast to noisy fMRI sequences). EEG and fNIRS can also be conducted with awake infants engaged in a variety of tasks, which allows for results that may generalize more readily to real world contexts ([@bib0605], [@bib0600]). In addition, fNIRS facilitates examining aspects of brain metabolism that are not possible to differentiate with fMRI ([@bib0095], [@bib0230]). Due to this capacity it has contributed to our understanding of the BOLD signal during infancy (see Section [1.5.6](#sec0090){ref-type="sec"}; [@bib0585]). fMRI complements these other methods by providing higher spatial resolution throughout the brain. The specific location of brain activity at the level of millimeters across the cortex is only possible with fMRI. It is also unique among these techniques in that it provides the capacity to index functioning of specific subcortical brain regions, which are not accessible by these other methods. In the concluding section of this review we provide examples of how infant fMRI can build on the existing body of EEG and fNIRS research in the context of ELS research.

Structural MRI (sMRI) is another important developmental neuroimaging tool that provides information about brain morphology not captured by functional neuroimaging methods. fMRI and sMRI methods can be seen as complementary in several ways. First, they provide unique sources of information regarding typical and atypical courses of brain development. For example, preterm infants without prominent pathology in sMRI scans show differences in how various brain regions are functionally connected ([@bib0905]). It has been suggested that functional signal examined with BOLD fMRI may be more sensitive to individual differences, or atypical brain organization, in comparison to the structural phenomenon we are currently able to characterize with sMRI. For this reason, it may be possible to use fMRI to identify differences in brain functioning at early stages of development that subsequently manifest as morphological changes observable in older age groups ([@bib0990]). sMRI also represents a complementary methodology because high resolution sMRI scans are necessary for aligning fMRI scans with a common brain space to conduct statistical analysis and localize activity. Thus, the two measures are well suited to be used in tandem to examine brain development from multiple perspectives. As with other neuroimaging techniques, the level of complexity involved in fMRI methods is extremely high, allowing for multiple sources of error in measurements. Thus, convergent evidence across modalities (e.g. [@bib0340]) will be crucial for advancing the field.

1.5. Methodological and ethical considerations {#sec0030}
----------------------------------------------

### 1.5.1. Successful scan completion {#sec0065}

Despite this promising foundational work with task-based fMRI and rs-fcMRI during natural sleep, significant methodological challenges and considerations require attention. As noted earlier, these methods require infants to sleep in a novel environment with the loud noises of the MRI machine. Potential sleep disturbances arising from stimuli in task-based fMRI are a concern as well. Several procedures have been implemented to improve scan success, and warrant consideration by research teams. To prepare for a scan, families can be provided with a CD of scanner noises to acclimate an infant to sleeping with scanner noises in the background ([@bib0775]). Additionally, research staff can put caregivers and infants at ease through good communication about what to expect prior to the scan, and demonstrations of patience and confidence throughout the scan appointment. The scanning environment can be set up to facilitate sleep by keeping the room relatively dark, and providing an MRI compatible rocking chair, crib and weighted blankets.

In order to reduce disturbance of sleep due to the sounds of the MRI machine, researchers often use MRI compatible head phones small enough to fit an infant or toddler ([@bib0090], [@bib0200], [@bib0775]). Neonatal ear shields ("Minimuffs," Natus Medical Inc., San Carlos, CA; [@bib0035], [@bib0090]) or foam ear plugs ([@bib0775]) can be used as additional sound protection under headphones ([@bib0090], [@bib0775]), or in conjunction with a vacuum pillow that molds to an infant\'s head and provides additional noise protection ([@bib0590]). Several groups have also added sound shielding foam to the inside of the scanner bore to reduce the noise of scan sequences ([@bib0090], [@bib0195]). Additionally, a scan sequence with a lower volume or less jarring quality of sound can be presented at the beginning of an experiment to help infants gradually adjust to the noise of the scanner (e.g., a proton density weighted scan). Finally, to avoid waking infants due to sudden changes in volume when a scan sequence ends, researchers can play consistent background noise ([@bib0090]), or minimize time between scan sequences. Due to the challenging nature of this methodology, systematic study of malleable factors likely to impact scan success is warranted.

Individual differences, such as age, temperament and health, may impact scan success, and bias results due to exclusion of highly sensitive infants. In studying factors that impact scan success, it will be important to take into account such individual differences as different approaches may be more or less effective depending on the population being studied. For example, approaches that increase scan success rate in neonates may be less effective, or even counter-productive, for obtaining good data with one-year-old infants. However, this issue is not unique to fMRI with infants, and also applies to behavioral and physiological measures (e.g. [@bib0055]). Moreover, successful use of task-based fMRI with toddlers with ASD (reviewed by [@bib0720]), which is often associated with sensory sensitivity ([@bib0550]), provides support for the potential utility of this method even with highly sensitive infants and toddlers. See [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"} for a review of successful scans included in analyses ('N Analyses') and scans lost due to sleep difficulties, motion or other reasons ('N Excluded') in published studies employing fMRI or rs-fcMRI with infants during natural sleep.

### 1.5.2. Effects of sleep on brain signaling {#sec0070}

Another important issue involves understanding effects of sleep and variations in sleep stage on brain signal. Methodological challenges have thus far prevented simultaneous use of EEG and fMRI in infants and toddlers to allow for tracking sleep state during scans with this age group (although this work is likely soon to appear as such research has been conducted in adults; [@bib0100], [@bib0175], [@bib0475], [@bib0500], [@bib0555], [@bib0725], [@bib0805], [@bib0955]). While this confound will need to be addressed in future work, there is evidence that comparable, albeit not identical, neural processing of auditory stimuli (i.e. infant EEG and fMRI) and rs-fcMRI occurs during sleep and wake states ([@bib0175], [@bib0475], [@bib0555], [@bib0725]). For example, one ERP study revealed similar processing of auditory stimuli during sleep and wake states with preservation of response amplitude and latency across different sleep stages ([@bib0650]). Moreover, it appears that learning involving auditory and basic somatosensory stimuli occurs during sleep for infants ([@bib0145], [@bib0285], [@bib0780]), suggesting that these stimuli are processed beyond a basic, sensory level during sleep.

Patterns of brain activation involved in distinguishing between different types of auditory stimuli (in particular, a subject\'s name versus a tone) also demonstrate similarities across sleep and wake states ([@bib0725]). These results are in line with findings of sleeping infants and toddlers showing distinct patterns of brain activation in response to different types of auditory stimuli ([@bib0775]) and different emotional tones ([@bib0090], [@bib0400]). Finally, simultaneous EEG and fMRI studies with adults indicate a potentially reduced spatial extent of activation in the auditory cortex during sleep versus wakefulness, but consistent amplitude of activation across sleep stages ([@bib0175], [@bib0725]).

Combined rs-fcMRI and EEG research with adults indicate functional connectivity within higher order brain networks, including the default network ([@bib0470]), an attention network, and a cognitive control network ([@bib0555]), remains consistent across the transition from an awake state to light sleep (non-slow wave and non-rapid eye movement \[non-REM\] sleep, respectively). Rs-fcMRI with sleeping infants has demonstrated functional connectivity between default network regions ([@bib0380], [@bib0370], [@bib0905]) and patterns of negative correlations (also referred to as anticorrelations) between default and dorsal attention network regions ([@bib0375]). These patterns are in line with those observed in adults in an awake state ([@bib0310], [@bib0335]). Taken together this work indicates the potential for capturing the functional architecture of multiple higher order brain networks with rs-fcMRI during sleep.

Despite these similarities, differences in task-based fMRI and rs-fcMRI results during sleep versus wake, or across different sleep stages have also been observed. For example, in an fMRI study with adults, deactivation in the visual cortex during presentation of an auditory stimulus was observed during sleep stages 1 and 2, and interpreted as a potential sleep protective mechanism (or a process that prevents waking despite sensory stimulation; [@bib0175]). Lower levels of activation during sleep in higher level processing regions have also been observed, including reduced parietal, prefrontal and cingulate activation to auditory stimuli during sleep versus wake ([@bib0725]). With regard to rs-fcMRI, simultaneous use of EEG and rs-fcMRI has revealed preserved functional connectivity between cortical regions, during light sleep, but decreased connectivity during slow wave sleep ([@bib0915]). Although connectivity among default network regions is generally preserved across sleep stages, there is also evidence for region specific differences, such as decreased posterior cingulate cortex (PCC) connectivity with other default regions during light sleep (stages 1 and 2; [@bib0805]), and decreased medial prefrontal cortex (MPFC) connectivity with default network regions during slow wave sleep ([@bib0470], [@bib0805]). These findings indicate the importance of continued efforts to characterize variation in fMRI and rs-fcMRI results due to sleep stage. However, these issues are not unique to rs-fcMRI and fMRI during sleep as variation in attention ([@bib0820]) and arousal ([@bib0615], [@bib0955]) impacts results in studies conducted during awake states.

### 1.5.3. Motion {#sec0075}

As noted previously, subject motion constitutes an important methodological consideration in developmental fMRI and rs-fcMRI studies. Two key issues include violation of assumptions underlying traditional motion correction strategies, and the potential for small amounts of motion (i.e. "micro-movements") to have systematic biasing effects on results ([@bib0260], [@bib0730], [@bib0835], [@bib1015], [@bib1060]). Although these issues are pertinent to all fMRI and rs-fcMRI work, they are particularly important in developmental samples typically characterized by larger amounts of motion. Recent work indicates that parameters calculated with traditional motion correction strategies are not tightly linked to changes in signal due to motion ([@bib0260], [@bib0730], [@bib0835], [@bib1015]), and that the association between motion and signal change is not necessarily linear ([@bib0260], [@bib1015]). Traditional motion correction methods thus leave substantial amounts of motion related signal unaccounted for. Motion related signal has been found to have a specific effect on rs-fcMRI data that is particularly problematic for developmental studies. Motion appears to bias results toward fewer/weaker long range connections and more/stronger local connections ([@bib0260], [@bib0730], [@bib0835], [@bib1015], [@bib1060]). Although averaging across multiple trials may diminish effects of motion to some degree in task-based fMRI compared to rs-fcMRI, similar efforts to understand confounds of motion are critical for all types of fMRI research ([@bib0730], [@bib0875], [@bib1015], [@bib1065]).

Recent work has outlined improved strategies to account for effects of motion on brain signal. First, examination of motion from frame to frame (known as framewise displacement; FD), as opposed to a single reference frame, provides an index more closely related to motion induced changes in brain signal ([@bib0730]). In addition, examination of frame to frame changes in BOLD signal allows for differentiation of motion versus biologically based signal due to magnitude ([@bib0730], [@bib0905]). These two measures can be used for removal of individual frames ("scrubbing"; [@bib0730]), and as regressors to account for motion ([@bib0260], [@bib1015]). Other aspects of data processing relevant for motion effects on rs-fcMRI include the number of confound regressors, regression of global whole brain signal and selection of frequencies to include (band pass filtering) ([@bib0830]). Studies utilizing these new procedures indicate attenuated strength of previously reported associations between age and increasing long range and decreasing short range functional connectivity, although the pattern of results remains ([@bib0260], [@bib0835]).

Patterns of motion may be markedly different for sleeping infants and toddlers compared to awake children and adolescents. Sleeping infants have been noted to startle at the beginning of a new scan sequence and settle down as the scan progresses, although efforts have been made to reduce startle by playing consistent background scanner noise ([@bib0090], [@bib0195]). A sleeping infant may also have one or two large, circumscribed movements while adjusting sleeping position during a scan. Proactive approaches to reducing such motion during infant scans include swaddling infants prior to scanning ([@bib0035], [@bib0090], [@bib0195]), and use of a vacuum pillow fixation device around the body and head ([@bib0090]), or the head only ([@bib0590]). Further investigation of the optimal approach for handling motion in fMRI and rs-fcMRI research with sleeping infants and toddlers will be necessary to understand potential advantages and disadvantages of different methods. However, the methods outlined for older developmental samples provide a solid framework and powerful tools for this work.

### 1.5.4. Atlas space {#sec0080}

Aligning each participant into a common coordinate system or common stereotaxic space is critical for group studies, but is a particular challenge for infant studies. Most algorithms to align a brain to an atlas rely on gray and white matter contrast. Because that contrast is weak in the newborn (due to reduced myelination), using traditional means to register the infant brain is problematic. The other difficulty is brain size. By the time children reach school age the brain is approximately 90% the size of the adult brain ([@bib0580]). Thus, registering children and adult brains to similar atlas space (e.g. Talairach -- see below) is relatively straightforward. However, the neonatal brain is approximately one-half the volume of the adult brain ([@bib0525]), making accurate registration to an adult atlas more challenging. Several approaches have been taken thus far. The adult Talaraich atlas ([@bib0960]) has been used in studies of toddlers ([@bib0210], [@bib0235], [@bib0765], [@bib0770]). The authors provide evidence for similar within group variability for toddlers and adults with regard to central sulcus alignment of individual structural images with the atlas ([@bib0770]). However, coordinates of the Talaraich atlas do not accurately indicate specific brain regions in toddlers, necessitating the use of anatomical landmarks to identify location of fMRI signal ([@bib0770]). This registration procedure also involves stretching infant brain images to fit an adult atlas. As an infant brain image is composed of fewer voxels, this can lead to less independence among voxels. The use of infant specific atlases, discussed below, represents a potential solution to this issue. However, direct comparison across age groups requires transformation to a common stereotaxic space, and therefore reintroduces this problem. Ongoing efforts are needed to establish an optimal solution for direct comparison of fMRI results across a wide age span.

The use of an adult or even a pediatric atlas with infant brain images (including those of neonates, one and two year-olds) can also lead to misclassification of brain tissue ([@bib0025], [@bib0505], [@bib0860]), which is improved by using an age-appropriate infant atlas ([@bib0025], [@bib0505], [@bib0860]). Some investigators have created an atlas based on one subject in the age range of interest for the particular study ([@bib0015], [@bib0380], [@bib0370], [@bib0375]). This approach facilitates focus on the age range of interest and does not require stretching to an adult size brain. However, creating an atlas based on one or two individuals can lead to biases based on the particular morphology of an individual brain. Moreover, continued use of different atlases across studies may lend to difficulties in synthesizing the literature as the field grows.

High quality atlases for infants within various age ranges have recently become publicly available ([@bib0295], [@bib0810], [@bib0860]). One of these is particularly noteworthy for age-appropriate atlases (for the neonatal period through adulthood), and conversion algorithms for coordinates corresponding to frequently used adult atlases ([@bib0290], [@bib0295]). Even with these advancements, the best solution for making comparisons across age groups remains unclear. Due to rapid early brain development ([@bib0525]), researchers have suggested using fine grained atlases for each three month period or greater during the first year-of-life ([@bib0020], [@bib0810]). It may therefore be most appropriate to register to a specific atlas for each age group in a study and then transform to a common child or adult atlas for making comparisons across ages. However, research into the effects of such transformations will be important. Finally, it will be necessary to take into account variation in the number of voxels for specific atlases and how this impacts correction for multiple comparisons.

### 1.5.5. Types of stimuli for task-based fMRI {#sec0085}

Auditory stimuli have been most frequently used in task-based fMRI with infants. This work has focused on basic differentiation among different types of sounds ([@bib0775]), as well as language ([@bib0195], [@bib0765], [@bib0770]), and emotion processing (including vocal non-speech emotional stimuli \[[@bib0090]\] and emotional prosody of speech \[[@bib0400]\]). Auditory stimuli specific to the infants' caregiving environment have also been employed in a study in which Dehaene-Lambertz and colleagues examined processing of maternal voice in 2 month-old infants ([@bib0200]). Visual stimuli have been employed in infant fMRI in one study, which examined response to flashing lights during natural sleep ([@bib0775]).

Conducting scans during natural sleep creates some limitations for task-based fMRI as only passive stimuli presentation can be employed, and stimuli of greater intensity may wake infants. However, within these limitations there are a great range of possible stimuli, which are relevant to infants' social, emotional and cognitive development. For example, adult fMRI work has employed hand holding to examine response to social somatosensory cues ([@bib0155]). Response to touch by caregivers and other forms of somatosensory stimulation can be similarly examined with infants' during natural sleep scans. Additional variations on auditory stimuli involving personally relevant social and emotional cues, such as parents' calling an infant\'s name or engaging in conflict with one another, have also yet to be explored in the infant fMRI literature. Research with infants documenting basic learning with auditory and somatosensory stimuli during natural sleep ([@bib0145], [@bib0285], [@bib0780]), also suggests the intriguing possibility of studying the neural basis of early learning with fMRI. At present, the range of potential stimuli for task-based fMRI studies with sleeping infants and toddlers remains largely unexplored.

### 1.5.6. Other methodological considerations {#sec0090}

With the limited gradient capability, the spatial resolution of task-based fMRI is normally limited to 2 × 2 × 2 millimeters. While this spatial resolution is generally adequate for adult studies, with the small size of the infant brain, it imposes limitations for detailed separation of specific brain regions. Furthermore, preprocessing of task-based fMRI and rs-fcMRI data typically involves spatially smoothing images prior to group level analyses, further worsening spatial resolution. It may be beneficial to skip this spatial smoothing step in analysis of fMRI data with infants, particularly when trying to localize signal to smaller brain regions, such as the nucleus accumbens and amygdala. Although improved signal to noise ratio associated with spatially smoothing fMRI data has been demonstrated ([@bib0930], [@bib1010]), recent work indicates that the effects on both task-based results and rs-fcMRI correlations are minimal ([@bib0695]). In the case of examining small brain structures, it can even be detrimental. If researchers choose to employ spatial smoothing it is important to consider that due to dramatic brain volume growth across infancy and early childhood, effective voxel size (relative to the whole brain volume) changes over time (given the same absolute voxel size). One potential remedy is to use adaptive smoothing strategies (e.g., using brain size normalized smoothing kernels) to reduce the impact of different "relative voxel sizes" inherent in developmental studies ([@bib0360]).

Standard analysis methods for both task-based fMRI and rs-fcMRI can be directly applied to infant studies. However, developmental considerations and the relative paucity of existing literature should be taken into account when selecting an analytic method. This is especially true for rs-fcMRI since there are a multitude of different analysis methods. One example is the choice between seed-based analysis and more data-driven independent component analysis (ICA). While seed-based analysis requires identifying a priori brain regions of interest for analysis, ICA can be used to examine signal from voxels across the whole brain and to categorize voxels into networks based on statistically identified shared variance. ICA has been utilized in initial infant studies to examine putative precursors of adult functional brain networks without biasing results by anchoring networks in regions identified in adult research as part of specific brain networks ([@bib0345], [@bib0380], [@bib0595]). However, ICA results can be biased due to decisions about how many components to incorporate into the model, and how to interpret which components represent functional brain networks ([@bib0315]). Both types of analyses have strengths and weaknesses ([@bib0305], [@bib0440]), and there is some evidence for convergent results across these methodologies. Such evidence has been provided through direct comparison of results in healthy adult subjects ([@bib0785]), and through consistent findings regarding the emergence of functional networks in infant studies that utilize seed-based analytic techniques ([@bib0370], [@bib0375]) and ICA ([@bib0380], [@bib0360]).

Finally, both task-based fMRI and rs-fcMRI rely on the BOLD signal as an index of brain functioning. It is therefore very important to take into account potential developmental changes in neurovascular coupling, which refers to the relationship between neural activity and the ratio of oxygenated to deoxygenated hemoglobin (oxyhemoglobin and deoxyhomoglobin) -- the source of the BOLD signal. For example, some studies suggest differences in the BOLD signal between older and younger adults may be attributable to aging-related changes in non-neuronal factors ([@bib0180]), such as resting cerebral blood flow ([@bib0030]). In contrast, developmental fMRI research provides evidence for consistency in the association between neural activity and the BOLD signal among children and adults ([@bib0490], [@bib1040]), and among children with and without neurodevelopmental disabilities ([@bib0280]). This work provides support for interpreting differences in the BOLD signal between these groups as reflective of differences in neural activity.

However, this work has been conducted in children, and unique aspects of brain vasculature during early infancy warrant attention, as divergent patterns of neurovascular coupling may exist (see [@bib0440]). Findings with animals and humans have indicated potential differences in the latency, amplitude ([@bib0045], [@bib0160]), and direction ([@bib0535]) of the BOLD response to stimulus in early infancy compared to later developmental stages. More direct evidence from fNIRS studies with infants reveals a pattern of response to stimuli (increasing oxy- and decreasing deoxyhomoglobin) that is qualitatively similar to the adult pattern of neurovascular coupling ([@bib0495], [@bib0585], [@bib0950], [@bib1035]). However, additional research in this area is needed as fNIRS studies have also yielded some mixed evidence ([@bib0105], [@bib0275], [@bib0545], [@bib0680]). Perhaps most importantly, functional neuroimaging modalities that do not depend on the BOLD signal, including EEG and diffuse optical tomography, have demonstrated consistency with fMRI findings in neonates ([@bib0340], [@bib1045]). Thus, although additional research into developmental differences in the link between neural activity and the BOLD signal will be of great importance, the findings to date provide support for the capacity of infant fMRI to meaningfully characterize early brain functioning.

### 1.5.7. Ethical considerations {#sec0095}

In addition to methodological considerations, important ethical issues in conducting fMRI research with infants and toddlers warrant attention. Many of these issues, while highly relevant to research with infants, are not unique to fMRI, and are beyond the scope of the present review (see [@bib0050], [@bib0205]). Ethical considerations specific to infant fMRI research include the need to adequately explain the fMRI procedure to caregivers with varying levels of education, and from different cultural backgrounds, to allow them to give informed consent. As part of this process, caregivers need to have a good understanding of safety protocols related to fMRI, including fMRI contraindications ([@bib0225], [@bib0460]). As an additional safety measure for infants, pre-screening for fMRI contraindications should include caregivers and the primary care physician to ensure that there is no reason an fMRI protocol would pose a risk to a particular infant.

Beyond ensuring safety, the extent to which an fMRI protocol may be distressing to an infant is an important ethical consideration. First, it should be noted that because infants are sleeping during the protocol it has potential to be less distressing than common behavioral paradigms used in research with infants to illicit stress responses (for a review see [@bib0435]). However, infants often wake up during scans and may experience distress due to the novel surroundings and fMRI scan noises. These issues can be addressed by the use of high quality sound protection throughout scanning (as discussed in Section [1.5.1](#sec0065){ref-type="sec"}), and careful monitoring throughout the scan. Careful monitoring involves having a researcher in close proximity to the infant throughout the scan, and use of various techniques to monitor infant wakefulness (including infrared cameras in darker settings or strategically placed mirrors in lighter settings that allow for viewing the infant\'s face in the scanner). Through careful monitoring, researchers can observe and respond quickly to any signs of wakefulness or distress. Contingent response to distress by caregivers, or researchers experienced in working with infants, is an important component of ensuring that infant fMRI protocols don't serve as a significant source of stress to infants. As with the methodological factors discussed previously, systematic study of these issues will add to researchers' ability to make informed decisions about the best protocols to employ. For example, peripheral measures of the autonomic nervous system or neuroendocrine stress response system could be employed to assess physiological arousal before and after different scanning protocols.

2. Application of infant fMRI to build on current approaches for studying early life stress (ELS) {#sec0035}
=================================================================================================

The foundational work employing fMRI with infants during natural sleep indicates the potential utility of this method for advancing research in multiple areas. However, at present, few domains of study have harnessed this potential. As a notable exception, investigators examining the etiology of autism have successfully employed infant fMRI to identify early biological markers of autism, and provide a model for the early neurodevelopmental trajectory of this disorder ([@bib0235], [@bib0720]). In the remainder of this article we provide an example of one area of research that has yet to take full advantage of the potential contributions of infant fMRI, but seems particularly well poised to benefit from this methodology. We focus on the study of ELS, and specifically research into the effects of ELS on functional brain development with implications for subsequent mental health. The guiding theoretical principles and extensive empirical work in this area involving fMRI with older children and adults, and other imaging approaches with infants, set the stage for infant fMRI research to make a significant contribution. While it is beyond the scope of this article to provide a thorough review of the research examining effects of ELS on brain development and mental health (for reviews see [@bib0625], [@bib0640], [@bib0870], [@bib0990]), we highlight aspects of this literature that illustrate the potential role of infant fMRI in advancing the state of this field.

2.1. Typical development and developmental programming {#sec0040}
------------------------------------------------------

The concept of developmental programming represents a guiding theoretical principle in the study of ELS on brain development. This concept suggests that during times of rapid growth, systems are more vulnerable to disorganizing influences ([@bib0130], [@bib0395], [@bib0845]). During the prenatal period, brain development proceeds from the basic foundational level of neural tube formation, to the migration of neurons, the initial myelination of axons and the formation of synapses (reviewed by [@bib0270], [@bib0580]). Rapid brain development continues during infancy with frontal and primary sensory cortex showing 70--80% increases in synaptic density over the first year and half of life ([@bib0480]), and brain volume increasing four-fold from birth to four years of age, accompanied by a rapid decline in the ratio of gray to white matter volume (indicative of increasing myelination; [@bib0170]). During these periods of rapid change, the brain is sensitive to environmental input, which is both necessary for healthy development, and potentially harmful depending on multiple factors, including the nature and timing of the input ([@bib0330], [@bib0530]). In order to understand healthy or maladaptive patterns of brain development, it has been suggested that examination of brain systems begin as early as possible to tease apart environmental influences from development of compensatory strategies or psychopathology ([@bib0580]).

2.2. Building on the dominant functional neuroimaging techniques used with infants to study ELS {#sec0045}
-----------------------------------------------------------------------------------------------

To date, fNIRs and EEG have been the most common functional neuroimaging methodologies used to study effects of ELS on brain functioning in infancy. fNIRs and EEG studies have shed light on infants' neural processing of a range of stimuli highly relevant to experiences of ELS and the caregiving environment including touch ([@bib0520]), human vocalization ([@bib0420]), emotional tone of voice ([@bib0425], [@bib0825]), maternal voice ([@bib0800]) and breast milk odor ([@bib0040]). This work has been conducted in normative samples, as well as in infants exposed to ELS and at risk for poor outcomes. Infant fMRI has potential to contribute to this literature by increasing capacity to localize neural processing of stressor relevant stimuli, and to identify emerging differences in specific brain systems relevant to mental health outcomes.

### 2.2.1. Application of infant fMRI to preterm birth and experiences of pain in the NICU {#sec0100}

Infants born prematurely are a population at increased risk of exposure to ELS, as well as poor mental health and neurodevelopmental outcomes ([@bib0430], [@bib0485]). This phenomenon has been well studied with fNIRS and EEG. For example, fNIRS has been used to shed light led on preterm infants' neural processing of routine, painful medical procedures (e.g. heel stick) in the neonatal intensive care unit (NICU). This work has identified cortical involvement in pain processing beginning at 25 weeks postmenstrual age ([@bib0060], [@bib0880]). Additional fNIRS and EEG research with preterm infants has indicated heightened sensitivity of the neonatal brain (compared to term infants) to painful stimuli ([@bib0885]), and limited capacity to distinguish painful stimuli from other forms of somatosensory stimulation prior to 35 weeks gestational age ([@bib0240]). This cortical involvement in pain processing and heightened sensitivity is proposed to impact developing brain systems, and contribute to long term differences in pain perception, and other neurodevelopmental outcomes ([@bib0240], [@bib0430], [@bib0885]). However, the specific brain regions and systems involved, and how these systems are implicated in mental health outcomes known to be impacted by preterm birth, remain unknown.

The examination of preterm infants with fMRI during natural sleep has the potential to fill this void. Rs-fcMRI studies with preterm infants have demonstrated the feasibility and sensitivity of this method for examining brain functioning in this population. Specifically, preterm birth has been associated with decreased connectivity among two key default network regions ([@bib0905]). Other work has shown that a high number of cumulative medical procedures from birth until term age equivalent predicts decreased inter-hemispheric connectivity in the temporal lobe ([@bib0900]). The association between preterm birth and emerging default network connectivity may be relevant for subsequent mental health, as connectivity of this network has repeatedly been associated with mental health outcomes in children and adults ([@bib0070], [@bib0265], [@bib0260], [@bib0300], [@bib1000], [@bib1050]). Future studies can build on this initial work by examining functional brain systems implicated in pain processing or in aspects of cognition and emotion often impacted by preterm birth.

In addition to lending insight into cumulative effects of preterm birth and medical procedures on brain functioning, infant fMRI can likely contribute to understanding the immediate neural sequelae of processing pain and somatosensory stimuli. Although it would not be possible to conduct fMRI with infants simultaneous to painful medical procedures (as in the EEG and fNIRS research), scans conducted soon afterwards may identify residual effects of stress on functional brain systems. This possibility is suggested by rs-fcMRI work in adults demonstrating alterations in functional connectivity among brain regions important for processing stress following the conclusion of a stress induction paradigm ([@bib1020]). Task-based fMRI can also contribute information about specific cortical and subcortical brain regions involved in processing of somatosensory stimuli, which will likely be relevant for understanding preterm infants' processing of pain ([@bib0240]). This work will be important for building on the extant EEG and fNIRS research to increase understanding of preterm infants' experiences in the NICU that may contribute to differences in neurodevelopmental and mental health outcomes.

### 2.2.2. Application of infant fMRI to understanding effects of moderate, common forms of familial stress {#sec0105}

Preterm birth and medical procedures represent relatively extreme forms of ELS. fMRI with infants can also build on the extant literature focused on functional brain development in the context of more normative variation in the early environment, or moderate forms of ELS. EEG work with infants has indicated that normative variation in maternal caregiving behaviors (e.g. maternal sensitivity and intrusiveness during feeding and changing) during the first year of life is associated with differences in brain activity. For example, lower quality maternal caregiving at 9 months has been associated with infants showing greater right frontal EEG asymmetry at a concurrent assessment ([@bib0445]) and at 3 years of age ([@bib0450]). Frontal EEG asymmetry is of interest for research into the effects of ELS on development due to associations of this measure with temperament ([@bib0325], [@bib0320], [@bib0675]) and internalizing and externalizing behaviors in young children ([@bib0890]), and symptoms of depression and anxiety in adults ([@bib0925], [@bib0965]). However, frontal EEG asymmetry is a broad measure of brain functioning that does not distinguish among the contributions of specific frontal or subcortical brain regions.

Recent work in adults has demonstrated the utility of fMRI to localize asymmetry to the functioning of specific frontal brain regions in order to increase understanding of the associations between asymmetry and behavioral outcomes and psychopathology ([@bib1085]; [@bib1080]). Miller reviews evidence suggesting that inconsistencies in the associations between frontal EEG asymmetry and behavioral outcomes can be addressed to some extent by taking advantage of information about distinct roles for different parts of the frontal cortex in cognitive and emotional functioning. Along these lines, fMRI research in infants has potential to build on the rich foundation of frontal EEG asymmetry research to examine effects of ELS on functional asymmetry within specific frontal and subcortical brain regions. While frontal asymmetry has not yet been examined with infant fMRI, existing work has demonstrated the capacity for infant fMRI to reveal an association between a moderate form of ELS and functioning of specific regions of the frontal cortex ([@bib0400]). Specifically, higher levels of nonphysical conflict between parents appear to be associated with 6--12 month-old infants showing greater reactivity of the rostral anterior cingulate cortex (rACC; along with subcortical regions including the thalamus and hypothalamus) to very angry tone of voice ([@bib0400]; [Fig. 2](#fig0010){ref-type="fig"}). Although this study did not identify a lateralized prefrontal region, it demonstrates the sensitivity of infant fMRI to identify an association between a moderate source of ELS and the functioning of a specific prefrontal brain region implicated in mental health outcomes at later developmental stages.Fig. 2Association between interparental-conflict scores and brain reactivity to very angry relative to neutral speech (*p* \< .05, family-wise-error corrected for multiple comparisons) displayed on the group mean structural image. The image in (a) shows activation in the rostral anterior cingulate cortex (rACC; infant-atlas: *x* = 3, *y* = 29, *z* = 13; MNI: *x* = 4, *y* = 36, *z* = 17). The images in (a) and (b) show activation in a subcortical cluster including hypothalamus, caudate, and thalamus (infant-atlas: *x* = 3, *y* = −1, *z* = 1; MNI: *x* = 4, *y* = −1, *z* = 1), in which higher conflict scores predicted greater neural response to very angry than to neutral speech. The scatter plots (c and d; with best-fitting regression lines) reillustrate the association between conflict score and parameter estimates for these two regions ([@bib0400]).

2.3. Building on the fMRI literature in children to study ELS {#sec0050}
-------------------------------------------------------------

Research with children old enough to comply with instructions for scanning while awake has taken advantage of the greater spatial resolution of fMRI to study effects of ELS on the functioning of specific brain systems. Differences in brain functioning in school-aged children and adolescents have been associated with various forms of ELS ranging from more severe (e.g. maltreatment \[[@bib0115], [@bib0665], [@bib0700]\] and institutionalized rearing \[[@bib0685], [@bib0975]\]) to more moderate (e.g. differences in socioeconomic status \[[@bib0710], [@bib0850]\]). These differences in brain functioning are evident in the context of tasks targeting multiple domains relevant to mental health, and cognitive and emotional functioning more generally, such as inhibitory control ([@bib0115], [@bib0700]), reward processing ([@bib0685]), encoding of social information ([@bib0710]) and emotion processing ([@bib0385], [@bib0670], [@bib0665], [@bib0945], [@bib0975]). Multiple cortical and subcortical brain regions appear to be involved in mediating effects of ELS on functioning in these domains, including among others, the amygdala ([@bib0670], [@bib0665], [@bib0710], [@bib0975]), rACC ([@bib0385], [@bib0945]), dorsal ACC ([@bib0115], [@bib0700]), and striatum ([@bib0685]). Rs-fcMRI research in adolescents also indicates associations between ELS and coordinated functioning of the amygdala and MPFC in the absence of a specific task ([@bib0120], [@bib0455]).

This work suggests widespread effects of ELS involving multiple brain systems both at rest and during engagement in a range of cognitive, social and emotional tasks. In addition, this research has provided an important bridge to the extensive animal literature documenting the particular sensitivity of certain brain regions, such as the amygdala, to ELS ([@bib0645], [@bib0815], [@bib0990], [@bib0970]). Extending this work down to infancy with natural sleep fMRI can facilitate investigation of several topics that are challenging to examine at older ages. First, infant fMRI has potential to address unanswered questions about the effects of timing of ELS on functional brain systems. Second, infant fMRI may be used to hone in on initial, core effects of ELS that precede a more widespread impact on multiple brain systems and behavioral domains. In a related line of inquiry, this tool will likely be helpful for distinguishing between aspects of brain functioning that precede ELS exposure and confer risk for poor outcomes, versus aspects of brain functioning that are particularly malleable in the context of ELS. Investigation of such topics with infant fMRI has potential to increase understanding of the heterogeneous outcomes associated with ELS, and the methods to best support optimal outcomes.

### 2.3.1. Potential for infant fMRI to examine timing effects of ELS {#sec0110}

Due to the rapid pace of brain development during the pre- and postnatal periods, the timing of exposure to ELS has important implications for how brain systems and mental health will be impacted. This has been demonstrated repeatedly in the animal literature ([@bib0815], [@bib0990], [@bib0995], [@bib1025]), and to some extent in the human literature ([@bib0125], [@bib0795], [@bib0980]). However, basic questions regarding effects of timing remain unanswered in the human literature. For example, potentially distinct effects of pre- versus postnatal stress on functional brain development are poorly understood. As stressful environments are not usually confined to the postnatal period, this is an important area of inquiry. Because infant fMRI can characterize neural response to environmental stimuli and intrinsic functional brain networks shortly after birth, it increases the capacity to isolate potential effects of the prenatal environment. Moreover, neonatal brain functioning can be used as a baseline to examine effects of postnatal stress on functional brain development over time. Importantly, the animal literature has shown that pre- and postnatal stress can have opposing effects on biological systems ([@bib0575], [@bib0630], [@bib1005]). Thus, examining brain functioning with fMRI beginning in childhood, or even late infancy, may obscure opposing effects of stress at different time points.

Although only experimental manipulations with animal models can distinguish causal effects of pre- versus postnatal stress, and specific effects of timing within the pre- and postnatal periods, infant fMRI can move human research closer to this foundational work. Infant fMRI studies beginning in the neonatal period cannot feasibly be conducted in certain settings, such as in the context of institutionalized rearing. However, such work is possible in other samples at risk for exposure to ELS. For example, previous study designs have involved recruitment of mothers with psychopathology during pregnancy, and scanning of infants beginning in the neonatal period (e.g. [@bib0390], [@bib0855]).

### 2.3.2. Infant fMRI to increase understanding of the initial impact of ELS on core brain regions and networks {#sec0115}

Related to the issue of timing of ELS, is the timing of emerging differences in brain functioning following exposure to ELS. Infant fMRI has potential to increase understanding of the core, initial effects of ELS on functional brain systems. Different brain regions and networks will be more vulnerable to the impact of ELS at different stages of development ([@bib0530], [@bib0565], [@bib0990]). However, environmentally induced changes affecting one aspect of brain functioning are likely to have a ripple effect as brain regions and networks function in concert to support higher level emotional and cognitive processes ([@bib0330], [@bib0560]). The fMRI work in children suggests a widespread impact of ELS on multiple brain systems. However this work has not addressed whether altered functioning in certain brain regions or networks represents a core feature of the initial impact of ELS, which precedes broader effects. fMRI research with infants beginning within a proximal time frame of ELS provides an opportunity to examine the initial impact of ELS on brain functioning, and subsequent potential ripple effects. For example, a recent rs-fcMRI study with infants demonstrated effects of low socioeconomic status within the first year of life on the connectivity of the default mode network, but not on later developing functional networks involved in cognitive control ([@bib0360]). Continued longitudinal work with such a sample could examine whether these initial differences in the strength of default network connectivity predict subsequent differences in other functional networks, and in cognitive and mental health outcomes of interest.

### 2.3.3. Preexisting aspects of brain functioning that confer risk {#sec0120}

Similarly, there is a lack of clarity regarding preexisting aspects of brain functioning that predispose infants to maladjustment following stress exposure (i.e. risk factors), versus aspects of brain functioning impacted by ELS that confer risk for poor outcomes. Research with adults demonstrates how longitudinal fMRI studies can begin to shed light on this issue. For example, in adult combat paramedics, preexisting high levels of amygdala reactivity (prior to deployment) predict emergence of stress related symptoms following deployment, while changes in reactivity and functional connectivity of the hippocampus over the course of deployment are associated with increases in stress related symptoms ([@bib0010]). Additional work suggests that greater preexisting amygdala reactivity (prior to deployment) in combination with decreased nucleus accumbens activity over the course of deployment is a particularly strong predictor of increases in stress symptomatology ([@bib0005]). It remains unknown whether mental health outcomes associated with ELS are similarly influenced by preexisting activity in certain brain regions and plasticity in the functioning of others. Infants with certain neural risk factors may require additional support to avoid poor outcomes even if only exposed to very mild levels of ELS, while infants without such risk factors may thrive even when exposed to higher levels of ELS. Infant fMRI is the only methodology that allows for examining the early functioning of specific subcortical brain regions that are likely to be important for understanding maladaptive and adaptive responses to ELS.

2.4. Relevance of infant fMRI for intervention related to ELS {#sec0125}
-------------------------------------------------------------

Application of infant fMRI to the study of ELS has potential to inform prevention and intervention efforts during early developmental periods when such services are likely to be most impactful for establishing healthy developmental trajectories. First, increased understanding of individual differences which contribute to vulnerability or resilience to ELS can contribute to targeted prevention work. Although fMRI scans do not represent a feasible means of identifying at-risk infants and toddlers, such work can lead to an increasingly in depth understanding of risk and resilience, and more readily identifiable behavioral or physiological markers. Second, prevention work can be informed by associations between sources of ELS during specific time frames, and changes in brain functioning associated with later developing behavioral symptoms. Identification of early changes in brain functioning may provide a link between specific sources of ELS and behavioral symptoms that emerge later when the complexity of behavioral repertoires and environmental demands increase. These methods additionally provide a means of examining neural mechanisms underlying effective intervention for children exposed to ELS. Targeted prevention and intervention strategies based on this work can facilitate efficient use of resources.

3. Conclusion {#sec0055}
=============

The use of fMRI during natural sleep represents a promising methodology for advancing understanding of functional brain development. Research employing task-based and rs-fcMRI methods with infants during natural sleep has become increasingly popular to the extent that a foundational literature has been established. This foundational work demonstrates the feasibility and utility of these methods for examining how the infant brain responds to environmental stimuli, and how it becomes organized into functional networks that facilitate efficient communication among brain regions. Considered in the context of more widely used functional neuroimaging methods for infants (including EEG and fNIRs), fMRI has great potential to complement and advance the existing literature due to its unique advantage with regard to spatial resolution. Indeed, convergent evidence across modalities will be essential for deepening the current understanding of early brain development.

The methodological challenges associated with task-based fMRI and rs-fcMRI with infants and toddlers during natural sleep necessitate careful consideration and further study. However, progress has already been made in understanding and addressing these challenges. Moreover, the literature to date documenting the approaches of various research groups provides a framework to inform careful decision making about methodological issues. We hope that the increasing use of sleep fMRI, and systematic study of methodological questions will lead to further insight into the best means of addressing these challenges. Some of the challenges may also highlight aspects of brain development that receive little attention. For example, increasing study of the issues regarding sleep state may draw attention to the sensitivity of the infant brain to environmental conditions even during sleep.

Despite the methodological challenges, task-based fMRI and rs-fcMRI during natural sleep have potential to advance research across multiple domains. The literature examining effects of ELS on brain functioning and associated mental health difficulties is a prime example of an area that stands to benefit from the application of infant fMRI. The research to date in this area indicates an important role for specific brain systems in mediating effects of ELS on mental health outcomes. The use of infant fMRI allows for examining these systems within a proximal time frame of ELS, and within the window of rapid brain development and heightened vulnerability to disorganizing influences. The wide ranging effects of ELS on multiple domains of functioning may be understood through a new lens by examining early emerging effects on developing brain systems and their potential to subsequently influence additional aspects of brain functioning. Comprehensive developmental models stemming from such work are needed to increase understanding of how brain development proceeds under a variety of environmental conditions.
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[^1]: *Note.* Studies with sedation not included. All experiments conducted during natural sleep with the exception of [@bib0195], [@bib0200], in which infants were scanned awake and during natural sleep. Atlas abbreviations: Infant DL = Template created by [@bib0195]; Infant 8--11 MRI NBD = 8--11 month version of atlas from MRI Study of Normal Brain Development ([@bib0295], [@bib0290]); Tal = Talairach & Tournoux. Other abbreviations: wks = weeks; mo = months; yrs = years; yo\'s = year olds; B = Bilateral; L = left; R = right; STG = superior temporal gyrus; SFG = superior frontal gyrus; MFG = middle frontal gyrus; SMA = supplementary motor areas; ASD = Autism Spectrum Disorder.

[^2]: *Note*: Studies with sedation not included. All experiments conducted during natural sleep with the exception of [@bib0905], in which infants were scanned awake and during natural sleep. Atlas abbreviations: Infant DL = Template created by [@bib0195]; Tal = Talairach & Tournoux; Individual Infant = template based on single infant with longitudinal data; UNC Infant = Template created by [@bib0860]. Other abbreviations: wks = weeks; mo = months; yrs = years; yo\'s = year olds; ICA = Independent component analysis; PMA = postmenstrual age; GA = gestational age; B = Bilateral; L = left; R = right; AI = anterior insulal; ACC = anterior cingulate cortex; DLPFC = dorsolateral prefrontal cortex; MPFC = medial prefrontal cortex; IFG = inferior frontal gyrus; PCC = posterior cingulate cortex; PI = posterior insula; STG = superior temporal gyrus.
